Abstract-This paper introduces a method for measuring forces applied in a normal direction to the device using frustrated total internal reflection (FTIR) and infrared technology. Using FTIR for measuring force is not a new concept, but the past systems have used this principle by changing the material at the surface to change the refractive index at the point of contact. The design we propose causes a physical deformation to the waveguide, which causes changes in the output of the transducer. The transducer is designed to be implemented in a low cost threeaxis anemometer for use in high-spatial resolution data gathering for wind generation stabilization. Our data supports the design of our transducer as it shows a correlation between the force and deformation of the upper surface of the waveguide and the output of the infrared phototransistor. The final section of the paper suggests a new design for a three-axis anemometer using the newly developed transducer.
I. INTRODUCTION

L
OOKING at the growth of renewable energy generation over the past decade we see that it has become a greater part of the power generation portfolio [1] . In particular, wind-based generation has been a large part of this growth, both in small and large scale developments. To assist with the stabilization of the power grid, the integration of new technology is used to develop a smart grid system that is capable of delivering constant and clean power to the end users. One of the greater challenges with a large implementation of wind energy is the fluctuation of power generation due to the changes in the wind. To create a smarter system, predictive models are used to estimate the changes of the wind and power generations. These models are often based on current and historic data of wind in a region, but can lack the precision needed to accurately predict the changes in the wind due to lack of data points. The cost of modern three-axis anemometers are high enough to limit the number of spacial data points that a system can contain.
This fact has inspired us to develop a low-cost three-axis anemometer. The anemometer we have been developing looks to reduce the cost by a factor of ten; this will allow for an increase of spatial resolution by a similar factor of the same cost as the original systems. With ten times more anemometers being inputted into the predictive model, this allows for the increase in the precision of the models and stability of the power system. The technology of the anemometer is based on a parallel beam suspension system and infrared sensors to measurement the forces on the system [2] . In more recent designs, we looked at other modern force sensors to measure the forces applied to the system and was not able to find one to meet our needs and lead us to develop our own force sensing device.
II. FORCE SENSOR AND TRANSDUCER TECHNOLOGY
The development of force sensors have spanned the centuries. Since the development of Newtonian physics, people have been devising different methods for measuring force. The following sections will discuss the current technology of both force sensors and transducers.
A. Capacitive
A capacitive force sensor takes advantage of the principles of a parallel plate capacitor. The force is measured by measuring the change in capacitance caused by changing the gap between two parallel plates of the capacitor. Most of these sensors consist of four common components: diaphragm, movable plate, shim, and fixed plate. The diaphragm or plug is the portion of the sensor to experience the force and apply it to the movable plate. The movable plate is the upper layer of the capacitor, which is allowed to move and alter the gap of the parallel capacitor. A shim is placed between the two plates to create a gap for the charges to be stored. The final component of the sensor is the fixed plate, which attaches to the structure of the sensor and does not move [3] , [4] .
The disadvantages to a capacitive approach is connected to two factors; the first being how to measure the changes in capacitance. The most common way to measure the capacitance is through a capacitance bridge of reference capacitors. Therefore, the reliability of the sensors is directly correlated to the bank of reference capacitors. This is directly correlated to the second disadvantage, which is a capacitor's sensitivity to temperature. The changes in temperature can effect the 1530-437X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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capacitance significantly, even at room temperature. So much so that the reference capacitors are often needed to be stored in temperature controlled boxes external to the pressure sensor. This factor makes environmental testing very difficult and unreliable with capacitive based sensors [5] .
B. Piezoelectric
The term piezo is derived from the Greek term piezein, which mean "to press". Therefore, piezoelectric refers to the presence of a electrical polarity due to a force. These sensors take advantage of the piezoelectric effect, which creates an electrical potential difference across the piezoelectric material when it is strained. Piezoelectric materials have an electrical crystalline molecular structure that are anisotropic, which allows for a change in voltage when a force is applied. There are both natural and synthetic piezoelectric materials, which have their own set of properties. The natural materials are single crystal materials, such as quartz and tourmaline, cn be manufactured for a low cost but do not have aigh sensitivity. The synthetic materials maintain many of the similar properties of the natural materials but are ceramic and not crystalline. These ceramics can be made into a variety of shapes and thickness, which dictate its piezoelectric properties.
One of the disadvantages of the piezoelectric sensor is the extremely high output impedance. The high impedance is in the magnitude of 10 15 rather than 10 3 , typically seen as an output impedance. This high output impedance then requires a measuring device to either have/acan even higha higher impedance or very rapid acquisition time before the energy is drained away. Another disadvantage is the temperature sensitivity, so much to the point that it can be used as a temperature sensor. This is a major disadvantage for our application due to the variety of temperatures the environment can produce. The third disadvantage is the decay of the piezoelectric properties due to both time and temperature, making long term measurements unreliable.
C. Piezoresistive/Strain Gauge
Similar to piezolelectric, a piezoresistive based sensor will change its properties due to an applied stress or strain. In particular, a piezoresistive force sensor will chance its resistance when a force is applied. An example of a piezoresistive material is silicon in the form of a semiconductor. Similar to piezoresistive materials are metal resistors, which changes its resistance when its structure is deformed. Therefore, both technology will be discussed in tangent in this section. Both sets of technology follow the same principle that the change in resistance is linearly correlated to the applied strain to the sensor. This can be represented by the following equation:
The strain gauges are most often designed as pads that can be attached to another material, such as an aluminum beam, to measure the strain on the structure [6] . The drawbacks for the piezoresistive sensors are in their manufacturing. Being that they are a silicon based technology, the process requires the material to be doped and therefore, the resistive properties can vary by the process. This added precision needed to regulate the process adds cost and time to the sensor. In addition, the silicon is a rigid material, which limits the range of deflection the measured material can sustain. In the case of the metal strain gauges, a major drawback is the lower gauge factor that limits its sensitivity. Secondly, strain gauges often contract and expand at different rates than the material it is attached to causing some discrepancies between the strain on the sensor and the material being measured [6] .
D. Optical
In the case of most optical based force transducers, the optics are used to measure the displacement of some mechanical structure. These are referred to as transducers because according to Dan Mihai Stefanescu, a force transducer is a device that measures force and converts it to an electrical signal [7] . These transducers will often use an infrared (IR) emitter and a light sensor to measure the change in displacement. In one design, the transducer takes advantage of the light intensity dispersion pattern off the center axis of the IR emitter and measures the change in the angle of the two components [8] . Other transducers will use a reflective surface attached to the force sensing structure to reflect the emitted light directly back on to the light sensor or through a receiving optical fiber [9] .
A drawback to these designs is related to the light sensor's sensitivity to being aligned with the normal axis of the IR emitter. Even in the case where the transducer takes advantage of being off axis of the emitter, misalignment can cause errors in the data. As related to misalignment, this can also be caused by distress on the transducer once being deployed. Secondly, the effect of ambient light on the system can cause higher readings at the light sensor.
III. FRUSTRATED TOTAL INTERNAL REFLECTION
The principles behind the development/acof our transducer is related to the optical sensors. Compared to the previously mentioned optical technology, Sec. II-D, we have paired it with the principles of total internal reflection and the concept of frustrated total internal reflection (FTIR). Frustrated total internal reflection is the manipulation of a system in a state of total internal reflection.
Total internal reflection is a phenomenon where a wave is completely reflected back into the medium it is propagating [10] . This occurs when the wave meets a boundary under a set of conditions as derived from Snell's Law. In the first condition, the wave needs to be propagating in a medium with a higher index of refraction than the other medium at the boundary. For the second condition, the incident angle of the wave, in reference to the normal of the surface, needs to be greater than the critical angle. The critical angle is derived from Snell's law, which is written as
Where n 1 and n 2 are the refractive indexes of medium the wave is propagating and the medium at the boundary, respectively. Also, θ i is the incident angle of the wave and θ t is the angle of the refracted wave, both in respect to the normal of the boundary surface. The critical angle is derived by setting θ t = 90 deg, so that the refracted wave would travel along the surface of the boundary. Therefore, the critical angle is expressed as
There are two differing explanations of frustrated total internal reflection. The first is by S. Zhu, who says FTIR is the phenomenon of the reflected wave to penetrate the second medium before reflecting back into the propagating medium [11] . The second description of the term is by Jefferson Han, describing it as disturbing the boundary of the waveguide causing the wave to exit the waveguide [12] . This is achieved by introducing another surface of a higher index of refraction causing waves to reflect to the opposite surface and exiting the waveguide.
A. Related Work
One application of FTIR, demonstrated by Han, is to determine pressure and position of points of contact on a multitouch surface. He uses solid planar waveguide to capture the IR light in state of total internal reflection. Then, by making contact with the user's finger to the planar waveguide, causes stray waves to be diverted out of the waveguide opposite of the contact point. The stray waves are then detected with an infrared camera and the images are processed to determine the positioning of the touches. While this is effective for their application, it does have a higher overhead cost and a considerable size component [12] .
IV. DEVICE THEORY
The main purpose of the force transducer is to measure the applied force normal to the device using TIR and FTIR principles. To achieve a state of TIR, the waveguide needs to be able to transfer light waves through with a low amount of attenuation. It also needs to have a higher index of refraction than its surrounding boundary to meet the criteria for total internal reflection to occur. In comparison to other approaches, the medium of the waveguide needs to be flexible, allowing for the deformation. A solid probe is used to apply the force to the upper surface of the waveguide. The probe will cause deformation of the waveguide leading to a change in the state of TIR. The disturbance changes the normal axis of the boundary surface for the IR waves at the points of contact, changing the incident angle of the wave at the boundary. This change in incident angle changes the trajectory of wave trace through the waveguide altering the amount of total power intensity that will exit the waveguide. In addition, due to the probes index of refraction it causes a FTIR at the point of contact and absorbs and alters the IR waves.
V. COMPUTATIONAL ANALYSIS
The initial computational analysis was developed to look at the the effects of the deformation of the upper surface of a parallel waveguide. The program was set to look at the energy transferred from the emitter to the opposite end of the waveguide. To simplify the initial calculations, the computational analysis only looked at two-dimensional parallel waveguide. The medium of the waveguide was modeled after Polydimethylsiloxane (PDMS) due to its optical and physical properties. The waveguide has a reflective index of 1.4, and the external environment was set to 1, as air. The point source was modeled using the output characteristics of the VSMG2700, the IR emitter selected for the lab test. The size of the waveguide is modeled as 15 mm high and 30 mm long. The program performs a ray trace of the waves with an output angle ranging from −90 deg to 90 deg off center at a .5 deg resolution. The program looked at the position across the receiving end of the waveguide, as well as the amount of energy the wave contained at point of contact. The data for each wave was stored in an array. This set of computations were executed for various depths of deformations ranging from 0 to 7.5 mm of deformation at 0.25 mm steps. The deformations were modeled as an inverse half sine function across the length of the waveguide at various lengths.
A. Analysis
The initial results of the computational analysis showed a linear relation between the modeled displacement to the energy at the output end of the waveguide. The data in the figure is normalized to the energy present at the output by the initial state of the waveguide. Due to the variability of the Young's modulus of PDMS, we did not initially model the force needed to produce the deformation depth.
These results confirmed the viability of the use of a PDMS waveguide as a force transducer, based on the deformation of one of the surfaces. Based on the computational analysis, we concluded that a three-dimensional structure would operate in a similar manner with a linear correlation between the displacement and the output voltage of the phototransistor.
VI. TESTING SETUP
To retain consistency with the computational analysis, we continued to use PDMS as the medium for the waveguide. The initial challenge for the development of a lab test was creating a means for molding and curing the PDMS into a optical waveguide. PDMS is a viscoelastic material, which behaves primarily as a highly viscous material at room temperature. The PDMS can be made into a solid by combining it with a curing agent and allowing it to harden. The Young's modulus of the hardened PDMS can be varied by adjusting the ratio of PDMS to curing agent. These two factors allowed us to develop a custom mold for our waveguide setup and to control the stiffness of the material. For the lab test we used a 20 : 1 concentration ratio, PDMS to curing agent. This allowed for a significant amount of deformation, while maintaining the structure of the waveguide.
The lab test setup is divided into three primary parts: staging, waveguide mold and probe, and data acquisition.
A. Staging Setup
The staging area is responsible for controlling the placement of the waveguide and the deformation probe. The staging primarily consist of two Melles Griot linear translation stages. The two stages are placed opposite of each other on a custom wooden platform. The wooden platform allows the staging to remain secured. It also creates the ability to have the entire setup mobile. The positioning of the stages are controlled by two independent 20 mm micrometers.
B. Waveguide Mold and Force Probe
The mount and probe are constructed using a fused deposition modeling 3D printer using acrylonitrile butadiene styrene (ABS) at 100 % infill. The choice to go with ABS is driven by the need for flat surface walls along the waveguide. Even at 100 micrometer layer height, there are some ridges formed between the layers. This is smoothed out by applying an ABS and acetone mixture thinly to the walls. As the acetone evaporates, it will leave the ABS fused into the gaps of the ridges and smoothing the surface.
The waveguide mold serves two purposes; the first being a means to control the size and shape of the PDMS waveguide. The desired dimensions of the PDMS waveguide is 15 mm high, 15 mm wide, and 30 mm long. The second purpose of the waveguide mold is to be a mount to properly position the IR sensors, which are attached to individual printed circuit boards (PCB). The mounts for the IR sensors needed to be designed so that the emitter and phototransistor were not inside of the waveguide, but rather just touching the surface of opposite ends. To achieve these goals, we designed the mounts for the IR component PCB to be slid in from the top with a very snug fit. There is a wall, 1.75 mm thick, that separates the IR PCB from the waveguide. This thickness of the wall is equivalent to the height of the IR components, thus allowing the face of the sensors to sit against the waveguide cavity. There is a slit in the wall that allows for the IR component to slide down. This slit is filled using a T-shaped plug. On one side of the mold body is an extrusion, which is the attachment point to the staging setup. The decision to go with a majority closed structure is based on the viscosity of the PDMS before it is cured and to isolate the deformation of the waveguide surface to just its upper boundary.
The probe is designed to apply a uniformed force to the upper surface of the waveguide. We were looking to simulate a similar deformation as performed in the computational analysis. To model a deformed parallel waveguide, we applied the force at the center of the waveguide along its width. This caused a similar deformation when looking at the side profile of the waveguide. The probe was designed with a rounded end to reduce the chances of puncturing the PDMS waveguide's upper surface.
The data acquisition consists of three parts: circuitry, data acquisition unit and the control program. The circuity is anchored around the pair of IR components, VSMG2700 and VEMT3700, which are optimized to operate at 830 nm wavelength. The VSMG2700 is a high speed IR emitting diode with a wide intensity dispersion, ±60 degree half intensity, and has a max power of 160 mW at 100 mA. The VEMT3700 is a silicon NPN phototransistor optimized for 830 nm wavelength sensitivity. The two components are packaged in a PLCC-2, which are surface mount packages. The two IR components are soldered to its own custom printed circuit board. The circuit boards are designed to center the IR components to the waveguide and breakout the pin connections to an external circuit. As mentioned previously, the IR PCBs are sized to fit into their mounts on the waveguide mold.
C. Electronics and Data Acquisition
The IR emitter is paired with additional circuitry to assist with its control. The first component is a 200 ohm resistor to limit the current across the emitter, limiting the IR output intensity. The second component is a TIP31, an NPN transistor, used to turn the IR emitter on and off through a digital signal from the data acquisition unit. The IR phototransistor is biased, using a 2 k resistor, to keep the transistor in saturation throughout the various IR intensity range. To accompany the displacement measurements is a force sensing resistor (FSR), Interlink Electronics FSR, to determine the force being applied to the surface of the waveguide. The FSR works by reducing its resistance as a force being applied increases. The FSR is placed in series with a 10 k resistor to create a voltage divider circuit for the data acquisition unit to determine the change in resistance across the FSR. To reduce the effects of the 10 k resistor on the input resistance of the data acquisition unit, we use an operation amplifier, LM741, in a voltage follower configuration.
The data acquisition unit used in our lab test setup is the National Instrument USB-6211. The unit allows for various numbers of analog and digital inputs/outputs. The first key factor for using the USB-6211 are the built in 16 bit analog to digital converters, which gives us around 0.1 mV resolution. The second key factor is its USB computer integration, which allows us to easily control the functions of the data acquisition unit from the computers. The control program we used for the USB-6211 is MATLAB with the Data Acquisition Toolbox (DAT). The DAT allows MATLAB to control the inputs and outputs of the USB-6211 and pull data into MATLAB for analysis.
VII. TEST
The following is a description of the lab test procedure.
A. Calibration
The initial calibration of the testing setup is t set the starting position of the two staging platforms. The initial position of the two platforms needs to allow for the test to be easily repeatable. To allow for a significant penetration, the probe platform is set to 10 mm. The mount platform is adjusted to a point where the probe is just making contact with the upper surface. While observing the voltage output of the force transducer circuit, we move the mold platform until the output of the FSR begins to read just above zero. This indicates that the probe is making contact with the sensor and the waveguide without creating a deformation. The measurement is recorded and then repeated two more time to find a consistent initial state.
B. Testing Procedures
The test is designed to examine the voltage output from the IR phototransistor, based on various surface deformation depths. The MATLAB code is the controller of the test. From MATLAB, we are able to set the max displacement and the size of each displacement step. Once the program begins, the screen displays the deformation displacement to be measured, starting at the initial point and waits for a user key press. A cover is placed over the transducer testing area to help eliminate any interference from external light sources. Once the staging is set to the desired position, the user presses any key to initiate the measurements. MATLAB will first keep the IR emitter in the off position and measure the output of the phototransistor for 5 seconds at 1000 samples per second. This is followed by MATLAB turning on the IR emitter and taking samples for another 5 seconds at the same rate. Once the data is collected, it is relocated into a storage array for the various deformation depths. Then, MATLAB will increment the displacement variable and display the next position to the screen. Since the stages are controlled by manual micrometer, we adjusted the displacement to that directed by MATLAB. The process is repeated until the max displacement is reached.
VIII. RESULTS
The data that was collected from the test described above are then processed into the following sections. The first two sections examine the correlation between the displacement of the probe on the device and the output of the FSR and phototransistor, respectively. The final section is an analysis of the correlation between the FSR and the phototransistor.
A. Displacement vs. Force
The first set of data examined was the displacement to force comparison. From the plot, we are able to see a linear correlation from about 1 to 4 mm of displacement. Based on this data, the force linearity ranges from 0 to 700 g of force. The slower changes in the first millimeter is contributed to the reduced force needed to penetrate the surface and the waveguide's ability to displace its volume. In regards to the displacement from 4 to 7.5 mm, we expected to see the the linear slope to continue or exponentially increase in value due to the increased compression counter force of the waveguide. Instead, we observed the output of the FSR level out and converge. After examining the data for this region and images of the deformations, Fig. 6 , we concluded the reduced output values are due to the excessive bending of the FSR, which reduces the sensitivity to the force applied. In addition to the displacement-force plot, we conducted a power spectrum analysis of the data at each displacement. The average signal to noise ratio (SNR) across each displacement was 6.3 * 10 7 . This suggests that there is an indiscernible amount of noise in the circuit across all displacements, validating the precision of the data output by the FSR. 
B. Displacement vs. Phototransistor
The second set of data compares the displacement to the IR phototransistor output voltage, see Fig. 7 . The plot illustrates a favorable correlation for the design and implementation of the device as a force transducer. The favorable correlation being the linear relationships between the voltage output and the displacement of the upper surface. The plot as a whole does not have a single linearity, but there are three distinct linear regions. The three sections are 0 to 1.5 mm, 1.5 to 3.5 mm, and 3.5 to 7.5 mm. This is particularly important because it sets areas of operation and a design for future iterations.
There are several factors that may cause the nonlinear relationship across the range of displacements. One of the contributing factors is the nonlinear characteristics of the voltage output of the IR phototransistor. According to previous research, we have shown that the output of an IR phototransistor has a nonlinear decay as the intensity of the IR emitter is reduced [13] . Another factor that may have an effect on the output of the IR phototransistor is the placement of the FSR on the top of the FTIR structure. The FSR changes the boundary condition, therefore changing the performance of the device. To address the issue of the FSR interference, we repeated the test without the FSR present at the top of the device, see Fig. 8 . From the second test, we see that the inital decay is steeper than in the initial test, but the decay is more linear from 3t 7.5 mm. The best fit line for the data can be defined as the following function,
But if we examine the displacement from 3 mm to 7.5 mm, see Fig. 9 , we see that the data will fit to an equation as follows:
Power spectrum analysis was taken across the samples for each displacement for both tests. In the first test with the FR the average SNR is 4.425 * 10 6 . The mean SNR for the test without the FSR is 5.645 * 10 6 . Both results show that the data collected was not affected by external noise to the system.
C. Force vs. Phototransistor
The third set of data points examines the range of voltage output versus force (Fig. 10) . The data shows a semi-linear and even displacement of voltage outputs up until around 700 grams of force. The rapid decay in voltage output compared to the force data can be contributed to the same possible errors in the force-displacement data. The initial data still demonstrates the linearity of voltage output to force for the first 700 grams of force, which can be translated to 6.86 N. The inconsistencies in the final plot is a combination of errors from the data collected by both the IR phototransistor and the FSR, as they were related to the displacement of the surface.
IX. CONCLUSION
The viability of using frustrated total internal reflection by means of waveguide deformation as a force transducer was studied. The design of the force transducer applies the force directly to the structure experiencing total internal reflection causing the waveguide to deform, therefore, altering the infrared power intensity traveling through to the end of the waveguide. The initial computational analysis showed that the uniformed deformation of the upper surface of a waveguide will have a linear reduction of IR intensity at the receiving end of the waveguide. Based on those results we proceeded with an initial prototype of the method. The transducer was designed as a proof of concept to determine if the use of the technology would be a viable transducer in real world application. The data collected from the test showed a linear correlation between deformation displacement and the output voltage of the phototransistor. These finds support our initial claims and suggest the viability of the technology. In addition, the comparison between the deformation displacement and force measured on a force sensing resistor shows a linear relation from 0 to 4 mm of displacement. At the point of 4 mm of deformation, the force on the transducer is 700 grams, which converts to 6.86 Newtons. The third set of data examined the force being applied and voltage output of the phototransistor. When looking at the previously defined linear region of 0 to 700 g, we maintain a semi-linear relation between the force being applied and the output voltage. The results of the study confirm the viability of waveguide deformation and frustrated total internal reflection as a means of measuring force.
A. Future Research
Based on the potential of the developed force transducer, further research is needed to develop the field application of the technology. One shortcoming of the device is the effects of the environment on the optical properties of the waveguide. To contend with the environment and to keep the optical surface clean, we plan to seal the components. Another area of further investigation is the life span and repeatability of the device. From our initial test, the repeatability shows potential based on the same sensor being used on multiple iteration of the test with similar results. For example, the results with and without the FSR present. Once all the concerns are addressed, the force transducer will be implemented into the design of our three-axis anemometer.
